Evolution: The Making of Ediacaran Giants
Some of the enigmatic Precambrian organisms in the Ediacaran Period grew large and stood tall above the seafloor. Canopy flow modeling suggests that their large size was optimized for access to flow in order to facilitate osmotrophic nutrient uptake in low-flow environments.
Shuhai Xiao
The fuse to the Cambrian explosionthe seemingly sudden appearance of animal phyla as we know them -is probably buried in the Ediacaran Period (635-541 million years ago, Ma) [1] . The past ten years have seen Figure 1 . Illustration of the experimental rationale of Ruzzoli and Soto-Faraco's TMS study [7] . (A) Alpha oscillatory activity is thought to affect attentional deployment. High alpha activity in a hemisphere reduces attentional deployment to the contralateral space. Here, the disbalance of alpha activity between the two hemispheres biases visual attention to the right (blue region on screen). (B) To test the role of alpha oscillatory activity in touch, rhythmic TMS was applied to a medial intraparietal region (indicated in yellow). The idea is to experimentally create a disbalance of alpha activity between the hemispheres, and thus to selectively affect discrimination performance in one side of space for touch. A previously investigated, more lateral region known to be involved in tactile remapping is indicated in red.
important progress in Ediacaran paleobiology [2] [3] [4] , with discoveries shedding new light on the ecology and evolution of early multicellular eukaryotes. The fossil record shows that the maximum size of benthic multicellular eukaryotes increased significantly in the Ediacaran Period: large and diverse algal forms diversified [5] , and the maximum canopy height of benthic macroalgal communities increased [6] . The maximum size of non-photosynthetic eukaryotes also increased in the Ediacaran Period, as is demonstrated in a study of the benthic tiering structure of the 579-565 Ma Mistaken Point biota in Newfoundland [7] , which lived in very deep waters below the photic zone where photosynthesis occurs [8] . Whereas competition for access to sunlight could provide, in principle, an adaptive explanation for the increase in maximum canopy height among benthic macroalgae, why the non-photosynthetic organisms in the Mistaken Point biota became large and tall remained unclear. A new study by Ghisalberti et al. [9] in this issue of Current Biology shows that access to flow to optimize osmotrophic nutrient uptake may have driven the increase in height among Ediacaran organisms in the Mistaken Point biota.
The dominant fossils in the Mistaken Point biota are rangeomorphs ( Figure 1 ) [10, 11] , which were mostly benthic macroorganisms with a bodyplan consisting of self-similar (or 'fractal') modules, much like a fern leaf. They lack any recognizable features that would allow an unambiguous classification within the living animal clade, although their size and morphological complexity suggest affinities with multicellular eukaryotes -they could even represent stem-group animals [3] . Rangeomorphs are among some of the longest-ranging and widest-distributed Ediacaran fossils: Charnia, for example, ranged from 579 Ma to 550 Ma and lived in dark deep seas, in sunny and balmy carbonate environments, or on microbial matgrounds [4] . They are also among the largest Ediacaran organisms, with some benthic rangeomorphs standing nearly two meters above the seafloor [12] . Yet, they do not seem to have had any mouth-like openings for feeding or alimentary canals for digestion, and their aphotic deep-sea habitat in Newfoundland precludes photosynthetic autotrophy. So, how did these rangeomorph giants feed themselves in dark abyssal seas?
It has been proposed that rangeomorphs and other modular Ediacaran organisms may have been osmotrophs -organisms that acquire nutrients primarily through absorption or osmotic uptake of dissolved or colloidal nutrients across membranes or body surfaces [13, 14] . Osmotrophy is critically dependent upon the ratio between surface area and metabolically active body mass (the S/M ratio). The 'fractal' body construction of rangeomorphs allowed them to attain high S/M ratios comparable to those of bacteria. But, given that bacteria in benthic microbial mats are master osmotrophs owing to their small body size, why would osmotrophic rangeomorphs opt to grow large and tall?
In their new study, Ghisalberti et al. [9] provide a possible answer to this question. They suggest that Ediacaran rangeomorphs created and exploited a new territory that was inaccessible to benthic bacterial mats that mantle the seafloor. By elevating themselves above the seafloor, benthic rangeomorphs and other modular organisms modified the flow regime in the benthic boundary layer. When the benthic community is sufficiently dense (a condition met by the Mistaken Point biota), the flow regime can be modeled as canopy flows where benthic organisms present obstructions to fluid flow. In a nutshell, vortices generated in canopy flows enhance vertical mixing relative to boundary layer flows where such obstructions are absent. More importantly, in a canopy flow regime, the maximum velocity gradient occurs near the top of the canopy, rather than at the water-sediment interface as in boundary layer flows.
These modeling results have several ecological implications for osmotrophs. First, because of enhanced vertical mixing, the vertical gradient of nutrient concentration is reduced; indeed, model calculations using parameters pertinent to the Mistaken Point biota show that nutrient concentrations in the canopy would not be depleted much because of vertical mixing. This result suggests that such a reduced vertical gradient of nutrient concentrations could not provide an ecological impetus for Ediacaran osmotrophs to grow taller. Instead, according the Ghisalberti et al. [9] , the ecological impetus probably had to do with the sub-millimeter-thick diffusive boundary layer immediately surrounding osmotrophic organisms. Given an intrinsically prescribed transport rate across the body surface of osmotrophs, organismal uptake of nutrients is extrinsically dependent on the thickness of the diffusive boundary layer. Because this thickness is inversely related to flow velocity in low flows, as would be expected in deep waters, one would predict that osmotrophs would have strived to exploit the maximum flow velocity above the canopy. However, growing large and tall comes at a metabolic cost. Thus, from a cost-benefit point of view, the most profitable height is near the top of the canopy, where the vertical gradient of flow velocity is the greatest and so is the gain in nutrient uptake for a given metabolic investment for growth. Thus, access to flow near the top of the canopy, in order to optimize nutrient uptake in low flow settings, characterizes the ecological divide between osmotrophic rangeomorphs and the microbial mats underneath.
Canopy flows could have provided ecological incentives for taller epibenthic osmotrophs, which in turn induced canopy flows. Thus, a chicken-and-egg problem seems to arise. However, Ghisalberti et al. [9] believe that topographic irregularities of microbial matgrounds or benthic substrates may be sufficient to generate initial canopy flows, which provide incentives for taller osmotrophs, in turn enhancing canopy flows. These feedbacks would eventually be kept in check because of biomechanical constraints or other adaptive tradeoffs.
Thus, Ghisalberti et al.'s [9] work provides a plausible biophysical interpretation for the rise of large osmotrophic rangeomorphs. Indeed, the need to optimize nutrient uptake may have also driven some of the morphological fine-tuning among Ediacaran rangeomorphs. For example, the evolution of stemmed rangeomorphs [15] may have allowed them to focus the osmotrophic tissues on the most profitable zone near the top of the canopy, with the non-osmotrophic stem only providing mechanical support to maintain structural stability.
The interpretation of Ghisalberti et al. [9] works best for low flow settings such as the Mistaken Point biota. In high flow settings, the diffusive boundary layer is no longer a limiting factor for osmotrophy; instead, the surface transport rate becomes limiting. However, Ediacaran rangeomorphs and other modular organisms are ecologically diverse, also occurring in shallower waters and higher flow settings [16] . Thus, modular Ediacaran organisms may have employed diverse strategies to improve osmotrophy, including evolutionary innovations to increase the S/M ratio [13] , to access canopy flows [9] , to adapt a procumbent lifestyle to sponge up organic matter in microbial mats [14, 17] , to improve surface transport rate, or to actively pump currents through their bodies (analogous to modern sponges). These diverse strategies may explain the taxonomic and morphological diversity of Ediacaran rangeomorphs [18, 19] . A quantitative and comprehensive assessment of these strategies and the interactions with other biological functions will provide a holistic understanding of the evolutionary basis for rangeomorph diversification in the Ediacaran Period.
As effective osmotrophs as they may have been, most Ediacaran rangeomorphs disappeared with the beginning of the Cambrian Period [4] . Although the possibility cannot be entirely eliminated that their disappearance may be a preservational artifact because the specific conditions required for their preservation may have vanished, the weight of paleontological evidence seems to favor a real extinction event at the Ediacaran-Cambrian transition. Whether this extinct event was driven by environmental factors (e.g., changes in oceanic redox conditions) or ecological factors (e.g., animal predation or bioturbation) is still unknown [3, 4] . But it is interesting to note that, while photosynthetic macroalgae and osmotrophic rangeomorphs both stood tall on Ediacaran seafloors, they had disparate evolutionary fates, with rangeomorphs going extinct but many algal morphologies surviving into the Phanerozoic. Perhaps this disparity tells us something about the limits of giant osmotrophs?
